INTRODUCTION
Since the development of the first electronic digital computers in the 1940s, removal of heat has played a key role in ensuring the reliable operation of successive generations of computers. With the development of microelectromechanical system (MEMS) technology, a high integration density and frequency of electronic circuit make the power dissipation an increasingly serious problem. Direct liquid cooling, such as liquid flow, jet impingement, etc., has been considered as one of the promising schemes. Boiling heat transfer with phase change by dielectric liquid gives an enhancement of electronic component cooling compared with single-phase heat transfer. Treated surfaces have also been found to show a great potential in enhancing the boiling heat transfer process.
As another local cooling technique, jet impingement is much more efficient due to the decrease of boundary layer by the high velocity impact. Compatibility between the coolant and the specific system is first required, especially for insulation property. A low boiling point and large contact angle for dielectric liquid is quite suitable for cooling electronic components, such as liquid nitrogen, FC series (Fabbri et al., 2006 (Fabbri et al., , 2003 , and so on, which can achieve higher heat flux than air coolant. Accordingly, IBM sponsored a number of studies to investigate liquid jet impingement heat transfer with and without boiling. One of the earliest studies was conducted by Ma and Bergles (1983) , who investigated boiling jet impingement of R-113 on a simulated 5 mm × 5 mm microelectronic chip. The achievement of heat fluxes up to 10 6 W/m 2 was reported. As the nanotechnology develops, nanofluids can also increase the nucleate sites and improve the critical heat flux, but they inhibits the nucleate boiling intension due to the nanoparticle sorption layer on the surface. Nguyen et al. (2009) Jiji and Dagan (1998) investigated single-phase free liquid jet impingement on a single heat source 2 × 2, and 3 × 3 arrays of heat sources. In addition, tests were conducted for 1, 4, and 9 jets per heat source. The results indicated that thermal resistance with liquid jet impingement could be reduced by increasing the number of jets and decreasing the jet diameter. Generally, large jet velocity may decrease the boundary layer and enhance the force convection heat transfer. The effect of parameter D is limited to the stagnation region. A small D means a large jet velocity but a large pressure drop (Lou et al., 2005) . For parameter Z/D, compared to the potential core length, it easily affects the stagnation region heat transfer and the second peak heat transfer. There is nearly no influence on the stagnation point heat transfer when the value of Z/D lies in the potential core length (Lee et al., 2004) . The stagnation region has the largest heat transfer enhancement. However, the heat transfer coefficient decreases monotonically as the radial distance increases. Jet array was employed (Wu et al., 2007) , which makes the wall temperature distribution more uniform and decreases the pressure drop caused by increasing single jet velocity. Increasing the heat transfer area and surface roughness can also enhance the jet impingement heat transfer. Terekhov et al. (2009) , Kornblum and Goldstein (1997) , and Hong et al. (2008) studied the heat transfer impinging on concave and convex surfaces. However, other parameters under certain working conditions, such as cross-flow V c formed by the external cross flow or jet array upstream, also play an important role in jet impingement (Andrew et al., 2010; Yang and Wang, 2005) . A large V c may weaken the impinging enhancement. Recently, Honda et al. (2002) and made progress on the boiling heat transfer enhancement using micro-pin-fins by dry etching technology, which guaranteed the chips' temperature under the upper temperature limit for electronic chips, 85
• C. The micro-pinfins in flow boiling heat transfer show a much higher increase in q CHF and a decrease in wall superheat than that in pool boiling (Wei and Honda, 2003) . However, the heater surface was covered by vapor in high heat flux near the critical condition (Yuan, 2008) . Liquid flow makes it difficult to destroy the vapor and cannot take them away from the surface and inhibits the supply of fresh liquid. As mentioned above, jet impingement is expected to split the vapor film and sweep them away to get high heat transfer performance in high heat flux, delay the ONB (onset of nucleate boiling), and increase q CHF . The present experiment studies the enhancement effect of jet impingement of FC-72 over micro-pin-finned surfaces for further improving q CHF in high heat flux based on the flow boiling heat transfer.
EXPERIMENTAL APPARATUS AND PROCEDURE
The test facility used for the present study is shown schematically in Fig. 1 . It is a closed-loop circuit consisting of a tank, a scroll pump, a test section, a jet, two heat exchangers, and two flowmeters. As shown in Fig. 1 • C in a short time, the data acquisition algorithm assumes the occurrence of CHF condition and the power supply is immediately shut down. The CHF value is computed as the steady-state heat flux value just prior to the shutdown of the power supply.
Schematic diagrams of a test section and heater assembly are shown in Fig. 2 . As shown in Fig. 2(a) , the test chip is a P-doped N-type square silicon chip with a side length of 10 mm and a thickness of 0.5 mm which is located 300 mm away from the inlet and is bonded to a substrate made of Pyrex glass. The Pyrex glass is fixed on the bottom of a 5 mm high and 30 mm wide channel. An O-ring is used to prevent liquid leakage. The jet diameter and nozzle-surface distance are 3 mm and 5 mm, respectively. The side surfaces of the chip are covered by adhesive as shown in Fig. 2(b) and thus only the upper surface is effective for heat transfer. Two copper wires (0.25 mm diameter) are soldered on the opposite side surface of the chip for power supply. Two T-type thermocouples with a diameter 0.12 mm for local wall temperature T w and liquid temperature T b are adhered to the bottom surface at the center of the chip and located on a vertical line 25 mm away from the edge of the chip, respectively. Prior to testing, the T-type thermocouples for the measurements of the liquid and wall temperatures were calibrated against a (1) O-rings; (2) polycarbonate plate; (3) test chip; (4) copper lead wire; (5) lower cover; (6) upper cover; (7) jet. platinum resistance thermometer (accuracy of ±0.03
• C) by using FC-40. A data acquisition unit is connected to a computer, which converts the standard signal (current 4∼20 mA) from flowmeter and thermocouples into flow rate and temperature, respectively.
Experiments were conducted at an atmospheric pressure with three different cross-flow velocities (0.5, 1.0, 1.5 m/s) and different jet velocities (0∼2 m/s) under two different liquid subcooling (25 and 35
• C). The coolant of FC-72 is used as the working fluid with a saturation temperature of 56
• C. Two kinds of micro-pin-fins with the dimensions of 30×60 µm 2 , 30×120 µm 2 (thickness t× height h) namely, chip PF30-60 and PF30-120, were fabricated on the surface by dry etching technique. The scanning-electron-micrograph (SEM) images of chips are shown in Figs Experimental uncertainties are estimated using the method of Kline and McClintock (1953) . The uncertainties in the chip and bulk liquid temperature measurements by the thermocouples are less than 0.3
• C. Wall temperature uncertainty can be attributed to the errors caused by thermocouple calibration by a platinum resistance thermometer (0.03
• C), temperature correction for obtaining surface temperature from the measured value at the bottom of the chip (0.2
• C), the temperature unsteadiness (0.1
• C), and the thermocouple resolution (less than 0.1
• C). The uncertainty of the bulk temperature is due to errors caused by thermocouple calibration by a platinum resistance thermometer (0.03
• C), the temperature unsteadiness (0.2
• C). So, the uncertainties in wall superheat ∆T b are 2.1% for the forced convection and 0.85% for the nucleate boiling region. , , and Rainey and You (2000) got the same heat flux uncertainties as ours with similar construction for their experiments, and the heat losses in their pool boiling are 15.5% and 5.5% for the forced convection and the nucleate boiling region, respectively. In our experiment, heat flux uncertainty includes the error of electric power supplied to the chip (0.11%), which is calculated from the errors of the current (0.014%) and voltage (0.1%) across the chip and heat loss by substrate heat conduction. The heat loss is estimated by solving threedimensional conduction problems through substrate using a commercial software FLUENT with the measured wall temperature as a given condition, which is less than 16% and 6% for the forced convection and the nucleate boiling regions, respectively. Note that q includes the heat transferred to the bulk liquid by conduction through the polycarbonate substrate. However, the heat flux was very small in the forced convection region, so the absolute error in forced convection is not large (usually less than 8 W/cm 2 ). For the nucleate boiling region, the absolute error is also not large (usually less than 8 W/cm 2 ) with a small heat loss uncertainty, 6%, although the heat flux is large.
RESULTS AND DISCUSSION

Effects of Liquid Subcooling
Figures 4(a) and 4(b) show the boiling curves of degassed FC-72 at the liquid subcooling of 25 and 35
• C for chip PF30-60 and PF30-120 with different cross-flow velocities and jet velocities, respectively. It can be easily seen that with an increase of liquid subcooling, the boiling curves and the transition from natural convection to nucleate boiling region of chips shift to higher heat flux. From Fig. 4 we can see that the heat transfer is dominated by single forced convection heat transfer at low heat flux region for micro-pin-fins under different conditions, and the heat flux q increases linearly with increasing wall superheat. The slopes of boiling curves are almost the same at the same velocities with different liquid subcoolings in forced convection region. At high heat flux region, the boiling curves show a different trend in different conditions. At a low cross-flow and jet velocity condition, such as V c = 0.5 m/s and V j = 0 m/s, the slopes of boiling curves in the nucleate boiling region are larger than that in the convection region, and nucleate boiling heat transfer dominates the heat transfer process. However, if a low cross-flow velocity and a high jet velocity, such as V c = 0.5 m/s, V j = 2 m/s, or a high cross-flow velocity and a low jet velocity, such as V c = 1.5 m/s, V j = 0 m/s are combined, boiling curves are nearly straight lines in both the convection and nucleate boiling regions, indicating a noticeable combined heat transfer of nucleate boiling and single-phase convection.
From Fig. 4 we can also see that liquid subcooling has a different influence on boiling heat transfer of different-sized micro-pin-fins. The ratio of the difference between q max at ∆T sub = 25
• C and 35
• C to q max at ∆T sub = 25
• C, ∆q/q ∆T sub =25 • C for different micropin-finned chips can be seen in Table 1 . The values of ∆q/q ∆T sub =25 • C of both micro-pin-finned chips are in a range from about 5% to 20%. The arithmetic average of the values of ∆q/q ∆T sub =25 • C of PF30-60 is 13.8% and 12.4% for PF30-120. It indicates that in our experiment the critical heat flux can be increased by about 10% with increasing liquid subcooling by 10 • C. However, for chip S the values of ∆q/q ∆T sub =25 • C are all in a range from about 20% to 35% and the arithmetic average of the values is 25.7%. Because of the lower critical heat flux of chip S, the values of ∆q/q ∆T sub =25 • C are higher than micro-pin-finned chips. The increments between different liquid subcooling for all chips are almost in the same range. In addition, at a low flow velocity, flow fluid has little effect on bubbles. The bubbles can be destroyed when fluid flow velocity increases to a large value. As a result, single-phase forced convective heat transfer dominates the heat transfer process. For the heat transfer process which is dominated by jet impingement, such as the condition V c = 0.5 m/s, V j = 2 m/s, the forced convection heat transfer nearly dominates the whole process, and boiling curves are nearly straight lines which are affected by liquid subcooling most obviously. Figure 5 shows the effects of jet velocities on heat transfer for micro-pin-fins at ∆T sub = 25
Effects of Jet Velocity
• C. The pool boiling (Wei and Honda, 2003) and jet impingement boiling (Tay et al., 2002) curves are also shown for comparison.
The critical heat flux q CHF increases as V j increases, but this increment decreases as V c increases. When the heat flux is small, the heat transfer is dominated by singlephase convection. The heat flux q increases linearly as the wall superheat ∆T sat increases, because the heat flux can be taken away by flow-jet combined fluid easily. So, the boiling curves are nearly straight lines in the single forced convection region. In the nucleate boiling region, the boiling curve shows a larger slope than that in the forced convection region due to the phase change. As heat flux increases, more nucleate sites are activated and the bubble generation frequency also increases, which lead to the bubbles' aggregation. The fluid flow can cause the bubbles' deflection but cannot sweep them away from the surface immediately. High-speed jet impact can break the vapor into small bubbles and take them away to guarantee the fresh supply. So, flow or/and jet impingement heat transfer perform better than pool boiling. For pool boiling heat transfer with micro-pin-fins, the slope of nucleate boiling heat transfer is largest among the boiling curves which are shown in Figs. 5(b) and 5(c). In the nucleate boiling region, when the heat flux is increased, more nucleation sites are activated on the side surfaces of micro-pin-fins to remove the increased heat flux immediately, making a very small temperature increase in the heater wall. Therefore, the nucleate boiling curve is nearly a straight line with large slope after ONB. Besides, the micro-pin-fins may be under the thermal boundary layer and have nearly no enhancement on heat transfer. Fluid flow can decrease the boundary layer and enhance the heat transfer. The effect of jet velocities on heat transfer is complicated and the cross-flow velocities cannot be ignored. In the single-phase convection region, the boundary layer thickness becomes thinner, which decreases the heat transfer resistance and thus enhances the forced convection heat transfer, showing a larger slope as the V c or V j increases. For high heat flux, we can see that the boiling curves are greatly affected by V j and the ONB is delayed with increasing V j . When V j is small, flow boiling dominates the heat transfer process, jet flow is bent by cross-flow once it gets into the bulk fluid. There is nearly no effect on heat transfer. As V j increases gradually, the impinged jet flow can penetrate the cross flow and arrive at the surface before leaving the chip, which intensifies the microconvection and thus increases the total surface area, and a larger q CHF is obtained, but the nucleate boiling proportion decreases, showing a small slope, especially for V c = 0.5 m/s, V j = 2 m/s. Besides, high-speed impingement can sweep bubbles away immediately from the heater and avoid the secondary nucleation, but it also can suppress bubbles' generation and reduce the stay time of bubbles, and thus weaken the nucleate boiling. The bubbles' detachment from the heater surface can allow the single-phase convection to occur because the bubbles are swept and aggregation is downstream, which means that a certain proportion of forced convection exists besides the nucleate boiling heat transfer and shows a decrease in slope as V j increases. It indicates that the forced convection heat transfer becomes dominant gradually in the heat transfer process with increasing jet velocity. If the crossflow velocity or the jet velocity is large enough, the whole boiling curve is mainly dominated by forced convection heat transfer and thus is nearly a straight line, such as the cases of V c = 0.5 m/s, V j = 2 m/s, or V c = 1.5 m/s, V j = 0 m/s. However, the enhancement degrees for different surface structures are different. Chips PF30-60 and PF30-120 show a better heat transfer enhancement compared with smooth surface due to an increase in total heat transfer surface area. The optimum fin height h and fin gap p are determined by the balance between the capillary force and the flow resistance for microconvection. So, the parameters of the ratio of fin height to fin pitch h/p and velocity V c (V j ) become the main influencing factors on heat transfer enhancement. The nucleation on the heater surface is more easily affected by the flow when h/p is small or/and V c (V j ) is large, and thus prevents the burst of nucleate bubbles and reduces the proportion of nucleate boiling. The h/p values for chip PF30-60 and chip PF30-120 are 1 and 2, respectively, so chip PF30-120 is less affected by the flow velocity than chip PF30-60, showing a larger slope. At V c = 0.5 m/s, V j = 2 m/s condition, the slope of the nucleate boiling region is larger than other conditions and nearly the same as that of the forced convection region, which indicates that the forced convection heat transfer dominates the heat transfer process in the high heat flux region. However, small cross-flow velocity cannot sweep the bubbles away from the heat surface immediately and block the supply of fresh liquid, so although the enhancement is large for V c = 0.5 m/s, V j = 2 m/s, the critical wall superheat is lower than that for large V c (1.5 m/s) when V j = 2 m/s.
Effects of Jet-Cross-Flow Velocity Ratio
The upper limit of temperature for a reliable operation of electronic chips is given by 85
• C. Thus, the maximum allowable heat flux q max is given by q CHF if T w,CHF < 85
• C and by q at T w = 85
is an important factor in studying the influences of both jet impingement and cross-flow velocity. Figure 6 gives the effects of R on q max at ∆T sub = 25
• C. As R increases, q max increases monotonously, but the increment decreases as V c increases. From the curves we can see that the increment for chip PF30-120 is larger than that for chip PF30-60 as R increases. Jet impingement can break vapor into small bubbles and take them downstream
FIG. 6: Effects of jet-crossflow velocity ratio.
Volume 19, Number 6, 2012 and thus improve q max . The influences of fluid flow on boiling heat transfer are affected by the bubbles' generation and movement due to the different fin sizes. Generally, large fin height has a large flow resistance for microconvection, which decreases the fin efficiency. As V j increases, high-speed jet impact overcomes the flow resistance and jet flow can permeate the cross flow and get into the fin gaps. Compared with PF30-60, more nucleate sites are activated and the heat transfer resistance is decreased for chip PF30-120. The microconvection formed by the pumping action of bubble growth makes the heat transfer surface area increase to play an important role. A large increment of q max can be observed obviously once • C. To show the enhancement degrees for flow boiling and jet impingement, a parameter ∆q max /q max0 is introduced. q max0 is q max at V j = 0 m/s and ∆q max is the difference between q max and q max0 for each chip. The values of ∆q max /q max0 are shown in Tables 2 and 3 .
From Tables 2 and 3 we can see that as jet velocities increase, the values of ∆q max /q max0 also increase, but the increment decreases when V c = 1.5 m/s. Although the values of ∆q max /q max0 for chip PF30-60 are larger than that for chip PF30-120 at V c = 0.5 m/s due to a smaller q max0 for chip PF30-60, the values of ∆q max for chip PF30-60 are smaller than that for chip PF30-120, which indicates that chip PF30-120 is more sensitive to jet velocity due to a large surface area. This is in accordance with the curves shown in Fig. 6 . However, the heat transfer enhancement is highly affected by surface structures and fluid flow. So, although chip PF30-60 is easily affected by jet flow due to a small h/p, the increments of q max are not the largest when both the jet velocity and surface structure are considered simultaneously.
Fin Efficiency
For pin-finned surface, fin efficiency is identified as the ratio of the mean temperature difference between fin surface and fluid to the temperature difference between fin and fluid at the base or root of the fin (Webb et al., 1985; Yang and Tao, 1998) . 
Figures 7(a) and 7(b) show the fin efficiencies versus heat flux for different micro-pin-fins at the liquid subcooling of 25
• C and Fig. 7(c) shows fin efficiencies and heat transfer coefficient distribution versus wall temperature T w at the same liquid subcooling. As shown in Figs. 7(a) and 7(b), the fin efficiency η f decreases as the heat flux q increases. A large V j leads to a small η f for a fixed V c , but the η f differences between different V j decrease as V c increases. As is well known, nucleate boiling is the most efficient way of heat transfer. For micro-pin-fins, the nucleate boiling process is highly affected by flow field and fin sizes. The heat transfer enhancement for micropin-fins is due to an increase in total surface area. Fluid flow can decrease the boundary layer and sweep bubbles away downstream and thus guarantee the fresh liquid supply to the heat surface. From Fig. 7(c) , we can see that as the wall temperature T w increases, h v which is obtained from Eq. (1) also increases but η f decreases. As heat flux q increases, the number of nucleate sites increases and the microconvection movement is intensified, which leads to a large heat transfer coefficient and a small wall superheat increase. However, according to Eq. (2), a large heat transfer coefficient h v means a low fin efficiency η f . The lowest η f is obtained at V c = 0.5 m/s, V j = 2 m/s. In the nucleate boiling region shown in Fig. 5 the boiling curves are very steep, which indicates that there is a small increase in T w . The differences between T w and T b become smaller as V c or V j increases for a fixed heat flux, decreasing the driving force for heat transfer, so h v increases but η f decreases. Generally for a given heat flux, η f of chip PF30-60 is larger than that of chip PF30-120. So, chip PF30-120 shows better heat transfer performances than chip PF30-60, with a larger h v and thus a lower η f . Compared with a fin height h of 60 µm, a fin height of 120 µm has a large resistance, including the flow resistance of fresh liquid supply and the resistance of microconvection. Although the micro-pin-fins can make the bubbles stay at the top surface for a long time to grow, a large fin height causes a large resistance for the bubbles' detachment. However, the q CHF of chip PF30-120 with larger fin height also has a much larger heat transfer surface area than that of chip PF30-60. The ratios of micro-pinfinned surface area to smooth surface area are 3.0 and 5.0 for chips PF30-60 and PF30-120, respectively. Here, the dominant factor of the enhancement of boiling heat transfer is the heat transfer surface area rather than the flow resistance for the microconvection, and thus the experimental results show that the increase of fin height causes the improved q CHF . Furthermore, the temperature at the fin top surface is lower than that at the fin root. The driving force of boiling and bubbles' growth decreases and thus weakens the nucleate boiling heat transfer. This phenomenon is quite evident at large V c or V j where there is a large heat transfer coefficient.
Mechanisms of Heat Transfer Enhancement
Compared with the smooth surface, the heat transfer enhancement for micro-pin-finned surface is considered an increase in total heat transfer area due to the existence of sidewalls of micro-pin-fins. As shown in Fig. 8 , a bubble may first generate at the fin root and then grow in the fin gap. As the bubble moves up, a thin liquid film is formed on the sidewall surfaces and can provide a large heat transfer coefficient. The bubble stays at the fin top for a long time to grow due to the liquid film evaporation. The bubble's movement and growth form a motivation of driving the liquid adjacent to move from the fin root to the fin top along the fin sidewall surfaces by suction and thus enhance the microconvection. So, the sidewall surface is activated for increasing the heat transfer area and thus enhances the heat transfer process. As q increases, the nucleate sites number increases, and more and more sidewalls are activated to take part in the boiling heat transfer, resulting in a very small increase in wall superheat. For fluid flow boiling, the nucleate boiling process is easily affected by cross-flow velocity or jet velocity. The fin sizes also play an important role in heat transfer. Small fin pitch p and large fin height h generate a large capillary force and enhance the microconvection movement due to the increase in heat transfer area, but a small fin gap may generate a large flow resistance for microconvection around the fin sidewalls, resulting in a low heat transfer performance.
From the photographs of boiling phenomena (Yuan, 2008) we can see that in the high heat flux region, bubbles are swept downstream and merge to form secondary
FIG. 8:
Heat transfer phenomena within fin gaps bubbles and spread upstream, which deteriorates the heat transfer due to local dryout on the chip's surface. As shown in Fig. 5 , jet impingement based on flow boiling can effectively enhance the heat transfer in high heat flux, delay the critical state, and improve q CHF . Figure 8 shows the enhancing mechanisms of jet impingement in flow boiling heat transfer. Jet impingement, as a local cooling technology, is affected by the confined plate and R. A confined plate may increase the potential core length. When the system sizes are fixed, R becomes the main factor influencing the heat transfer. Fluid flow can increase the flow turbulence and decrease the heat transfer resistance and thus increase the heat transfer flux, as shown in Fig. 9(a) . When V j is small as shown in Fig. 9(b) , jet flow is bent by cross flow once it gets into the bulk fluid. There is nearly no effect on heat transfer. As V j increases as shown in Fig. 9(c) , the impinged jet flow can penetrate the cross flow and arrive at the surface before leaving the chip, which intensifies the microconvection and thus increases the total surface area, and a larger q CHF is obtained, but the nucleate boiling proportion decreases, showing a small slope, especially for V c = 0.5 m/s, V j = 2 m/s. As shown in Fig. 9(d) , for V c = 0 m/s a small nozzle-surface distance and a confined plate make the jet impingement evidently local cooling. Although the heat transfer coefficient is large, the coolant flow rate is very small due to the restriction of jet velocity in real application, so that the heat cannot be taken away immediately and sufficiently, resulting in an actual small heat dissipation capacity.
In the low heat flux region, the heat transfer is dominated by single-phase convection. As heat flux increases, more nucleate sites are activated and the bubbles' generation frequency also increases, which lead to bubbles' aggregation. The fluid flow can cause the bubbles' deflection but cannot sweep them away from the surface immediately. High-speed jet impact can break the vapor into small bubbles and take them away to guarantee the fresh supply. The vortexes and turbulence enlarge the acting area on the heat surface and thus maintain the wall temperature having a small increase, further increasing the q CHF . At the critical state, the capillary force arrives at its maximum value and cannot overcome the hydraulic resistance of the wet liquid to fin gap, leading to a vapor patch preventing the continuous boiling heat transfer due to the shortage of fresh liquid. The impinging intension and frequency on vapor cannot stop the bubbles' mergence and extension in time any more. Consequently, the critical state occurs.
CONCLUSIONS
The multi-enhancement in flow boiling heat transfer with jet impingement of FC-72 on micro-pin-finned surface was studied. A smooth surface was tested for comparison. Some conclusions were obtained as follows:
All micro-pin-finned surfaces show a large heat transfer enhancement compared to the smooth surface due to an increase in the total surface area. The micro-pin-finned surfaces are more sensitive to V c or V j than a smooth surface. As V c or/and V j increases, the slope of the nucleate boiling curve decreases. Micro-pin-fins with a small h/p are easily affected by fluid flow velocity, showing a decrease in the slope of nucleate boiling curve. A large fin height or/and a small fin pitch may have a large pumping action but cause a large flow resistance.
The q max increases with increasing R. When V c is 0.5 m/s, the heat transfer can be enhanced obviously if V j ≥ 1 m/s (R ≥ 2), but V j needs to be at least 2 m/s (R = 4/3) for V c = 1.5 m/s. The maximum q max can reach nearly 161 W/cm 2 by chip PF30-120 at V c = 1.5 m/s, V j = 2 m/s and ∆T sub = 35
• C. As the heat flux increases, η f decreases monotonously, but the difference decreases as V c or/and V j increases. η f of chip PF30-120 is smaller than that of chip PF30-60.
Compared with pool boiling, flow boiling can enhance the heat transfer by increasing velocity. Jet impingement can enhance both the single-phase region and nucleate boiling region due to high-speed impact. The largest enhancement is obtained at V c = 0.5 m/s, V j = 2 m/s.
